appreciate the role that intra-aggregate heterogeneity plays in numerous physical, chemical, and biological processes (Ellerbrock and Gerke, 2004; Van Gestel et al., 1996) . It is possible that it is the diff erences in the micro-scale intra-aggregate pore structures that are in part responsible for the diff erences in magnitudes and directions of a variety of soil processes observed at macro-scales, including but not limited to microbial processes, plant nutrient transport and availability, and C sequestration. Indeed pore arrangement within soil aggregates and their connectivity to the inter-aggregate pore space have been recognized to be among the main factors controlling soil processes on an aggregate scale (Revil and Cathles, 1999) .
One of the reasons of why quantitative characterization of intra-aggregate pore structures is still limited and the mechanisms by which intra-aggregate pore structures aff ect soil functioning are still not fully understood is poor accessibility of soil aggregate interiors to direct measurements and lack of effi cient methodology for aggregate-scale modeling.
Lack of direct measurements of intra-aggregate pore structures is one of the contributors to persisting controversy in views on aggregates' role and functioning in soils as well as on intra-aggregate characteristics. For example, Young et al. (2001) , Ashman et al. (2003) , and Young and Ritz (2006) questioned ubiquity of aggregates as stand-alone structural soil units and viewed them rather as an outcome of a particular method and energy of mechanical destruction applied to the intact soil body. A contrasting commonly held view is that of the soil matrix as a hierarchical system formed by aggregates of various sizes (Dexter, 1988) . A very large number of studies operating from the perspective of aggregates being stand-alone structural units within a hierarchical system have been conducted, even though it has been understood that the method of soil disruption used to procure the aggregates has to be taken into account when interpreting the results (Ashman et al., 2009) . Some studies reported presence of spatial gradients in intra-aggregate distributions for several soil properties, including oxygen levels, microbial populations, chemical composition of organic matter, as well as porosity and hydraulic conductivity (Sexstone et al., 1985; Horn et al., 1994; Santos et al., 1997; Chenu et al., 2001; Gerke and Köhne, 2002; Ellerbrock and Gerke, 2004; Park and Smucker, 2005a; Urbanek et al., 2007) . On the other hand, a number of researchers reported diff erences between soil properties in aggregate interior and exterior layers to be relatively minor or nonexistent (Blackwood et al., 2006; Urbanek et al., 2011) . Oft en observed quick turnover of the aggregates (e.g., Plante and McGill, 2002; De Gryze et al., 2006) , especially in tilled agricultural soils, also would be a factor acting against formation of distinct gradients within aggregates and diff erences between external and internal aggregate layers. It is possible that a variety of factors including diff erences in parent materials, prevailing pedogenic processes, land use and management practices would be responsible for these controversies and for the inconsistent results reported by diff erent studies as well as for the fact that despite an enormous amount of work devoted to aggregates, there is no generally accepted understanding of how the aggregates are built inside.
Recent advances in X-ray computed μCT imaging enabled researchers to quantify the intra-aggregate structures with a resolution of one to several microns (Dathe and Th ullner, 2005; Gibson et al., 2006; Nunan et al., 2006; Dathe et al., 2006; Peth et al., 2008) . Th is is a signifi cant step in characterizing heterogeneity of soil environments at micro-scales, as it allows obtaining more precise information regarding the physical structure of the soil aggregate matrix in three dimensions (3D). Solid-pore structures of intact soil matrix have been characterized by extracting fractal dimensions or multifractal spectra (e.g., Dathe and Th ullner, 2005; Dathe et al., 2006; Gibson et al., 2006) and by conducting morphological characterization of soil macropore networks (Pierret et al., 1999 (Pierret et al., , 2002 De Gryze et al., 2004; Mooney et al., 2006 Mooney et al., , 2007 Mooney and Morris, 2008; Peth et al., 2008; Udawatta et al., 2008) . Nunan et al. (2006) applied geostatistical tools to quantify pore geometry for soil aggregates 1 to 3 mm in size at a scanning resolution of 4.4 μm. De Gryze et al. (2004) used X-ray computed tomography to study pore morphology changes in soil aggregates incubated with fresh wheat (Triticum aestivum L.) residue. Peth et al. (2008) applied 3D μCT imaging to soil aggregates from conventional tillage and grassland at resolution of 3.2 to 5.4 μm, and observed morphological diff erences in their pore characteristics. Papadopoulos et al. (2009) reported diff erences in pore shapes in 5-mm aggregates from conventional and organic management at 8 μm resolution using μCT. Feeney et al. (2006) examined 2-mm aggregates formed in incubated cores with 4.4 μm resolution and observed greater porosity and stronger spatial autocorrelation in pore distributions in the aggregates formed under the infl uence of plant roots as opposed to those that were not subjected to plant root infl uence.
However, so far none of the μCT-based studies has looked at whether or not spatial gradients in pore structures exist inside the aggregates. One of the possible reasons is diffi culties with accurate delineation of the aggregate boundaries. Note that the exterior layers are oft en of the greatest interest and importance for analyses of the aggregate functioning within the soil matrix and that the correctly delineated boundary obviously is the key to correct characterization of the aggregate exterior layers. Until now, most of the aggregate image studies have been conducted by selecting a regularly shaped region of interest within the aggregate's central part (e.g., Feeney et al., 2006; Peth et al., 2008) . Th is precluded full assessment of the aggregate's pore structure and the diff erences in fl ow and transport properties of the exterior and interior layers and interactions between them. Nunan et al. (2006) proposed an innovative approach to the analysis of μCT aggregate images where the aggregate boundary is identifi ed by a sequence of image processing steps, such as binary morphological closing and fi lling procedures. Th is is a signifi cant advancement in soil aggregate image analysis. However, conducting image closing and fi lling involves specifi cation of certain parameters, for example, the neighborhood size parameter that defi nes the size of the structural element that will be used for image closing.
Th e choice of the neighborhood size parameter value used during the image processing can greatly aff ect the fi nal result. How to select the value of the neighborhood size parameter appropriate for soil aggregate image analysis remains unclear.
Th e main goal of this study is to examine intra-aggregate pore characteristics using μCT images in soils of two contrasting parent materials and of contrasting land use and management, and to explore diff erences in pore characteristics of the aggregate exterior and interior layers. We hypothesize that diff erent mechanisms of aggregate formation may prevail under diff erent land use and management practices resulting in diff erences in intra-aggregate pore distributions. To address the main goal we also report the approach that was developed for aggregate boundary delineation. Th e specifi c objectives of the study are: (i) to investigate the selection of the optimal values of the image processing neighborhood size parameter for defi ning soil aggregate boundaries using 3D soil aggregate μCT images; (ii) to assess intra-aggregate pore characteristics both in the whole aggregates and in the aggregate layers; and (iii) to analyze eff ects of land use on these characteristics in the aggregates from two diff erent soil types, namely, Hapludalfs on glacial outwash (Michigan) and Ustochrepts on loess (Shenyang, China) . Th e contrasting land use practices compared in the study were conventionally tilled agricultural management, bare soil without plant residue inputs, and native succession vegetation.
MATERIALS AND METHODS

Soil Sample Collection
Soil aggregate samples were collected from two long-term experiments located in the north central part of the United States and in the northeast part of China.
Th e fi rst experiment is the Long Term Ecological Research site (LTER), W.K. Kellogg Biological Station (KBS), established in 1988 in southwest Michigan (85°24' W, 42°24' N). Soils are well-drained Typic Hapludalfs of the Kalamazoo (fi neloamy, mixed, mesic) and Oshtemo (coarse-loamy, mixed, mesic) series, developed on glacial outwash. Details on site description, experimental design, and research protocols of the experiment are provided on the LTER site (Kellogg Biological Station, 2011) and details on aggregate sampling are provided by Kravchenko et al. (2011) . Th e two LTER treatments sampled for this study are conventional tillage (chisel-plowed) cornsoybean-wheat rotation with conventional chemical inputs (LTER-CT), and native succession vegetation treatment, abandoned from agricultural management aft er spring plowing in 1989 (LTER-NS). Th ree replicated sites were sampled at each of the treatments.
Th e second experiment is located at Shenyang Experimental Station of Ecology, Chinese Ecosystem Research Network (CERN), northeast China (41°31′ N, 123°22′ W). Soils are aquic brown soils (silty loam, Haplic-Udic Cambisols in Chinese taxonomy; Ustochrepts in USDA taxonomy), developed on loess. Th e two CERN treatments used in this study were native succession vegetation treatment (CERN-NS) and bare soil with no vegetation treatment (CERN-BS). Th e treatments were established in 2002 in the fi eld that has been abandoned from agricultural use in 1994. Th e native vegetation in CERN-NS is dominated by Artemisia lavandulaefolia, Cephalanoplos segetum, Chenopodium serotinum, Metaplexis japonica, and Conyza Canadensis (Hua et al., 2008) . Soil samples were collected in summer of 2007. Th e distances between CERN-NS and CERN-BS sampling locations were approximately 20 m. Five replicated sites were sampled at each treatment.
At each sampling site in both LTER and CERN experiments, a soil block approximately 15 by 15 cm 2 in size was extracted from 0-to 20-cm depth using a sharp fl at spade. Samples were air-dried and manually sieved for 30 s. Aggregate 4 to 6.3 mm in diameter were retained for this study. We decided to use the aggregates of this size since diff erences in porosities among the layers of the aggregates of this size have been reported previously for a silty clay loam Alfi sol (Park and Smucker, 2005a) . Th us we hypothesized that diff erences between the layers could also be observed in μCT images of the aggregates of this size in the loam Alfi sols and silty loam Inceptisols used in this study.
Soil Aggregate Image Acquisition
Aggregate image data were collected on the bending magnet beam line, station 13-BM-D of the GeoSoilEnvironCARS (GSECARS) at the Advanced Photon Source (APS), Argonne National Laboratory (ANL), Argonne, IL. Data were collected with the Si (111) channel cut monochromator tuned to 28 keV incident energy. Two dimension (2D) image slices were taken at 1° rotation angle steps and combined into a 3D image consisting of 520 slices with 696×696 pixels per slice. Th e voxel size was 14.6 μm. A snapshot of the image on the mirror was taken with the CCD camera representing a depth-integrated grayscale map of the linear attenuation of the X-ray beam as it passed through the sample. Aft er an image was collected, the column was rotated 1°, and the process was repeated. Detailed information on the procedure is given in Rivers et al. (1999) .
Th e data were preprocessed by removing ring artifacts (Ketcham and Carlson, 2001 ) and adjusting for backfi eld projections and reconstructed using Fast Fourier Transformation. Aft er reconstruction, the grayscale values (GV) in the image ranged from 0 (black) to 255 (white) corresponding to low and high X-ray attenuations, respectively.
Defi ning Aggregate Boundaries
To assess the pore structure using images of the whole aggregates and aggregate layers, it was necessary to correctly identify the aggregate boundary. For that we used fl ood/seed fi ll algorithm (Heckbert, 1990) . Th e algorithm begins with a starting point voxel, usually the upper left corner of the image, and then the region of the image connected to the starting point is identifi ed by checking whether the region voxels and the starting point have the same GV, that is the value representing the background. Typically, this is the GV of 0 that is also characteristic to the pore space inside the aggregate. One of the diffi culties with the automatic application of this process for detection of the soil aggregate boundary is that some pores connected to the aggregate's surface might be misclassifi ed as the outside space. Misclassifi cation of these pores may signifi cantly aff ect the subsequent pore network analysis. Figure 1 presents an illustration of the aggregate image ( Fig. 1a) and its incorrectly delineated boundary that classifi es the pore connected to the aggregate's surface as an outside background (Fig. 1b) .
To ensure proper inclusion of such pores in the aggregate's body we used an image closing technique (Gonzalez et al., 2004) , that allows sealing pore "necks" located at the aggregate boundaries (Fig. 1c) . Image closing is a two-step procedure which involves image dilation followed by image erosion (Gonzalez et al., 2004) . All image processing and data analyses were conducted using 3D aggregate images.
Outcomes of image closing are sensitive to the value of the parameter called neighborhood size, r, which defi nes the size of the structuring element used for image closing operation (MATLAB, Version 7.8.0, 2009) . Th e structuring element is a cluster consisting of a certain combination of voxels that is used to probe the surface of the unevenly-shaped image (Gonzalez et al., 2004) . A detailed illustration of the steps of the image processing using structuring elements with diff erent sizes is provided by Vogel et al. (2010) . In this study we used 3D spherically shaped structuring elements with neighborhood size parameter r being its radius. If the selected parameter r is too small, it will lead to an insuffi cient closure of the pore necks. However, large values of r will result in over-smoothing of the aggregate boundary and infl ation of the aggregate volume. To identify the optimal r value we examined values ranging from 0 to 20. Th e r equal to zero corresponds to the original image without any numerically introduced pore sealing.
Th e question is what should be used as a criterion for identifying the optimal r value. In this study we explored the usefulness and performance of two diff erent potential criteria for r value selection. Th e criteria are the change in the overall aggregate volume as a function of r, and the change in the fractal dimension of the aggregate boundary as a function of r values. For analysis of the performance of these criteria in assessing the optimal value of the r parameter, we used 3D images from four aggregates, one from each treatment in each experiment.
To determine the aggregate volume we used the total number of voxels classifi ed as those belonging to the aggregate. When r = 0, the volume is equal to that of the original image (Fig. 1b) . As r increases, so does the size of the structuring element and, hence, the aggregate's volume.
To determine the fractal dimension of the aggregate surface, the boundary was fi rst identifi ed using Canny edge detector (Canny, 1986) implemented in MATLAB. Th e fractal dimension of the boundary was then calculated using 3D box-counting algorithm (Mandelbrot, 1982) . Th e aggregate boundary is the most irregular and has the highest fractal dimension when r = 0. As r increases, the boundary becomes smoother and fractal dimension decreases.
Once we have identifi ed an optimal r value, it was applied to all aggregate images used in this study. Image closing with a preselected r value has been conducted using Imclose in MATLAB Image Processing Toolbox (Gonzalez et al., 2004) . Th e "closed" pores ( Fig. 1c) were then converted into parts of aggregate bodies (Fig. 1d) using Imfi ll in MATLAB Image Processing Toolbox (Gonzalez et al., 2004) .
Image Segmentation
Aft er boundary delineation, the stacks of grayscale images were segmented into pores and solids using indicator kriging segmentation module in 3DMA-Rock soft ware (Lindquist et al., 2000) . Indicator kriging is the local adaptive segmentation method (Oh and Lindquist, 1999) . Th e method involves selecting two thresholds, such that the voxels with GV below the lower threshold and the voxels above the upper threshold are classifi ed as pores and solids, respectively. Voxels with intermediate GV are classifi ed into pores or solids based on their proximity to the previously classifi ed voxels via an indicator kriging system that takes into account spatial correlation in GV distributions. Th e segmented images were assessed using region non-uniformity measure proposed by Levine and Nazif (1985) and evaluated by Wang et al. (2011) . Detailed description of region non-uniformity calculation and applicability to soil image analyses is provided in Wang et al. (2011) . All the calculations were conducted using 3D data sets.
Pore Characteristics
Th e pore characteristics that were obtained from the segmented soil aggregate images include macro-porosity, medial axes, and burn numbers (BN) (Lindquist et al., 2000; Peth et al., 2008) . Macro-porosity in this study is defi ned as the percent of the pore voxels within the aggregate image visible at scanning resolution of 14.6 μm, that is, pores >14.6 μm. Medial axis is a digitized curve which represents the skeleton of the pore space. Burn number is the distance from the medial axis pore voxel to the closest solid voxel. A schematic representation of medial axes and BN is shown in Fig. 2 . Th e units for BN are the numbers of voxels. Please note that BN values are directly related to pore sizes, for example, in this study, BN equal to 1 is equivalent to pore size of 14.6 to 37.5 μm, BN equal to 2 is equivalent to pore size of 37.5 to 67.5 μm, BN equal to 3 is equivalent to pore size of 67.5 to 97.5 μm, etc. In this study the BN distribution was standardized by dividing the number of BN voxels of each size by the total number of pore voxels and we will refer to it as standardized fraction for BN. Calculations of the pore characteristics were conducted using 3DMA-Rock soft ware.
Th e aggregate total porosities were determined from aggregate weights and volumes (Rossi et al., 2008) . Th e aggregate volumes were obtained using 3D aggregate images. Particle density for total porosity determination was measured using pycnometer method following procedure described in Bielders et al. (1990) and using fi ve replicated ~10-g samples consisting of several 4-to 6.3-mm aggregates. Th e particle density was not diff erent among the treatments and was equal to 2.60 g/cm 3 . Percent of pores <14.6 μm was calculated as the diff erence between total porosity and macroporosity separately for each aggregate.
Identifi cation of Aggregate Layers
Since one of the hypotheses of this study is that aggregate pore networks may diff er in their characteristics depending on the distance from the aggregate surface, we conducted pore characterizations in three aggregate layers. Th ree layers, namely, exterior, transitional, and interior, were determined so that each layer constituted approximately one-third of the aggregate's volume. Th is classifi cation of layers was selected to be consistent with a previously conducted experimental study of physical separation of aggregates into layers using aggregate erosion chambers by Park and Smucker (2005b) . Th e width for each layer was calculated based on three concentric spheres:
whereW 1 , W 2 , and W 3 are the radius of the interior, transitional, and exterior layer of the aggregates, R is the distance from the aggregate's surface and its center. The determination of the layers was conducted in 3DMA-Rock software using the same technique as the one applied for the BN determination. Schematic representation of the layer separation is shown on Fig. 3 . 
Statistical Analyses
Statistical analyses for pore characteristics of the whole aggregates were conducted as a completely randomized design analyses with LTER and CERN experiment analyses conducted separately. For analyses of pore characteristics in exterior, transitional, and interior layers of the aggregates, layer was used as an additional factor in a split-plot arrangement. Th e data analyses were conducted using PROC MIXED in SAS 9.2 (SAS Institute, 2008).
RESULTS AND DISCUSSION
Aggregate Surface Boundary Identifi cation
Th e relationship between the aggregate volume and the values of the parameter r is presented on Fig. 4a . As expected, the aggregate volumes increased with increasing r values. While at the range of r values from 0 to ~10 the increase in the volume was relatively fast, the rate of the increase substantially slowed as r values increased beyond 10. Fast initial increase in the aggregate volume refl ects closing and inclusion in the body of the aggregate the pores connected to the aggregate's surface. Th is indicates that structuring element with r values ≤10 will not be suffi cient to close all the pores connected to the aggregate's surface, especially those with relatively large surface openings. On the other hand, when the size of the structuring element becomes too large (r ≥ 15), it causes the pore voxels to be added to the aggregate's surface in an attempt to close small dents and niches on the surface (Fig. 1e) . Such dents and niches are then erroneously included within aggregate pore space. We interpret the trend for continuous slow increase in the aggregate volumes at large r values (Fig. 4a) to be a refl ection of this phenomenon. Note that there is a large aggregate-to-aggregate variability in the relationship between aggregate volume and r value, which is a result of the diff erences in the numbers of pores connected to the aggregate surfaces in diff erent aggregates and in the evenness of the aggregate's surfaces in diff erent aggregates.
Th e complexity of the aggregate boundary as described by fractal dimension decreased with increasing r values (Fig. 4b) . As expected, the aggregate boundaries became much smoother when large structuring elements were probing the image. Th e reduction in the fractal dimension for diff erent r values was consistent with the corresponding increase in aggregate volumes.
From the careful examination of the volume and fractal dimension plots it appears that r values in the range from 11 to 14 would be a safe choice for image closing in the studied aggregates. Values within this range appear to be beyond the fast increase in volumes and the fast decrease in fractal dimensions regions of the plots for all aggregates, hence would not miss the intra-aggregate pores connected to the surface. At the same time such values are not within the regions of the plots with very slow continuously increasing volume or very slowly decreasing fractal dimensions typical to the case when extra pore voxels are added to the aggregate surfaces to cover the surface irregularities. Specifi cally, for processing the aggregates of this study we picked the r value of 12. Th e r value of 12 ensured the inclusion of boundary pores having opening less than ~350 μm [14.6 × 12 × 2 μm, where 14.6μm is the image resolution and is multiplied by optimal image closing diameter value (2xr = 2 × 12)] but at the same time maintained suffi ciently irregular aggregate boundaries.
It should be pointed out that even sealing with r = 12 still resulted in several voxels of artifi cial pores occasionally being added to the surface irregularities of portions of the boundaries in some of our aggregates. Removing fi ve layers of voxels from the entire aggregate surface remediated the problem. We realized that a possible implication of this is a reduction in porosity of the aggregate's exterior layer, thus we carefully checked the aggregate images to ensure that removal of fi ve layers of voxels from the aggregate's surface primarily removed the artifi cially added pore voxels and had no noticeable eff ect on the porosity of the aggregate's exterior layers.
Overall, we recommend examination of the aggregate volumes as the main tool and the fractal dimension as an auxiliary tool for identifying appropriate r values for image closing. We expect that the optimal r value will depend on the size of the studied aggregates, the scanning resolution, and the average sizes of pores connected to aggregate surfaces. Th ese features may vary substantially among the individual aggregates of the same study as well as in diff erent subsections of the same aggregate. Th us a careful analysis of the aggregate volumes and, if possible, fractal dimensions of the aggregate surface boundaries are strongly recommended. Moreover, remediation measures, such as exclusion of a few surface voxel layers, might still be necessary to apply aft er image closing to compensate for inability of a single r value to fi t the image closing requirements of every aggregate and every surface variation within individual aggregates.
Based on our experience we believe that it might be better to err more on the side of a larger r value than on the side of a too small one. We observed that choosing r value smaller than 11 to 12 on a number of occasions led to insuffi cient closure of some of the true intra-aggregate pores. If that happens there is no other measure that could be taken to correct for that, and some important pores connected to the surface would be erroneously excluded from further analyses. However, if the r value is a bit too big for some of the aggregates or aggregate subsections the problem still can be fi xed by deleting the surface layer of voxels.
Pore Characteristics in Whole Aggregates
Th ere were no diff erences in total porosity values between the studied treatments in either LTER or in CERN aggregates (Table 1) . However, long-established (>18 yr) native succession vegetation land use, LTER-NS, led to formation of aggregates with pore size distributions diff erent from those of the aggregates in conventionally tilled agricultural management, LTER-CT. First, the macro-porosity, that is, percent of pores >14.6 μm, was found to be signifi cantly higher in the aggregates from LTER-CT than in the aggregates from LTER-NS soils (Table 1) . Peth et al. (2008) investigated the microtomographic images of two aggregates with resolution of 5.4 and 3.2 μm, representing a conventionally tilled soil and a long-term (>40 yr) grassland Alfi sol on a loess parent material. Th ey observed that the μCT measured porosity (pores~ >5 μm) was lower in the aggregate from the conventionally tilled soil. Papadopoulos et al. (2009) compared soil aggregate porosities using μCT with resolution of 8 μm for a silty clay loam soil from organic and conventional management. Th ey reported higher porosity values of aggregates in organic management in one of the two studied fi elds. However, both studies only examined squared-shaped regions of interest within the aggregate centers and only two aggregates (one from each land use) were used. Note that in this study, the macro-porosity is based on the proportion of pores >14.6 μm thus direct comparisons with the results of Peth et al. (2008) and Papadopoulos et al. (2009) 
Small pores (<14.6 μm) were more abundant in LTER-NS than in LTER-CT aggregates (Table 1) . Th e proportion of pores with BN of 1 (~14.6-37.5 μm in size) were found to be similar in LTER-NS and LTER-CT soil (Fig. 5a) . However, pores of intermediate sizes, with BN of 2 and 3 (~37.5-97.5 μm), were more abundant in LTER-CT than in LTER-NS soil (Fig. 5a) . Th e largest pores with BN 4 and above (> ~97.5 μm) were much more abundant in LTER-NS than in LTER-CT aggregates and proportion of pores with BN 8 and above (> ~232.5 μm) were as much as three to four times greater in LTER-NS than in LTER-CT (Fig. 5a) .
Visual inspection of the aggregate images indicated that most of the large pores present in LTER-NS aggregates are round pores of likely biological origin, while elongated pores and cracks of nonbiological origin were prevalent in LTER-CT aggregates. Six representative 2D aggregate images from LTER-CT and LTER-NS aggregates are shown on Fig. 6a to 6f . Presence of large root-based pores and their infl uence on increased oxygen access to aggregate interiors has been noted by Sexstone et al. (1985) in aggregates from native prairie as opposed to aggregates from cultivated soil.
Aggregate image results of this study can be related to earlier analyses of aggregate stability conducted at KBS LTER (De Gryze et al., 2004; Grandy and Robertson, 2007) . De Gryze et al. (2004) reported lower stability of LTER-CT than LTER-NS aggregates with aggregate mean weight diameter being signifi cantly lower in soil of LTER-CT as compared to LTER-NS. Marked diff erences in the aggregate size distributions in the Total porosities, macroporosities (pores > 14.6 μm) , and porosities of pores <14.6 μm of the studied aggregates. Standard deviations are shown in parentheses. CT, conventional tillage; NS, native succession; BS, bare soil with no vegetation. ‡ Means within the same columns of the same location followed by the same lowercase letter are not signifi cantly different (p < 0.05). LTER-CT and LTER-NS treatments were reported by Grandy and Robertson (2007) , who observed that aggregates from LTER-CT had lower mean weight diameter, and LTER-CT soil had lower proportion of macro-aggregates (2-8 mm) and higher proportion of micro-aggregates (<250 μm) as compared to LTER-NS. Th ese lower stabilities of the LTER-CT aggregates could be caused by the prevalence of the intermediate sized (~37.5-97.5 μm) pores observed in our study. Such pores might possibly serve as planes of aggregate breakage. Arguably, if a compressive force is applied to LTER-CT and LTER-NS aggregates shown on Fig.  6a to 6f, the LTER-CT aggregates will easily break into smaller fractions along the numerous micro-cracks, while greater force would be necessary to break the LTER-NS aggregates.
Location Treatment Total porosity Macro-porosity Porosity <14.6 μm -------------% -------------
Greater abundance of large pores of biological origin in LTER-NS aggregates ( Fig. 5a and 6d-6f ) can be explained in part by greater numbers of plant roots and greater activity of soil fauna in LTER-NS soil as compared to LTER-CT (Smith et al., 2008) . Once the roots are decomposed they leave behind pores with smoother curved walls enriched by presence of stable 1 to 10 μm organo-mineral microaggregate formations and root residues (Oades, 1993; Six et al., 2004; Watteau et al., 2006) . In this study, roots and pieces of particulate organic matter were observed within pores of many LTER-NS aggregates.
No signifi cant diff erences in pore size distributions were observed between CERN-NS and CERN-BS aggregates (Table  1 and Fig. 5b ). Visual examination of the aggregate images also did not reveal any notable diff erences between the aggregates of the two treatments (Fig. 6g-6j) . Th is lack of diff erences probably refl ected a relatively young age of CERN experiment, insuffi cient for the diff erences in aggregate formation processes.
Pore Characteristics in Aggregate Layers
In both CERN-NS and CERN-BS aggregates macroporosity was the lowest in the exterior layers increasing from transitional to interior layers (Table 2a) . Th e same tendency for macroporosity to increase from exterior to interior, however not statistically signifi cant, was noted in both LTER-NS and LTER-CT aggregates. Th is observation points to presence of common trends in spatial distribution of pores inside the aggregates from these two soils with contrasting parent materials.
Across both soils and in both land use treatments of each soil higher percentages of intermediate sized pores, that is, pores with BN of 2, 3, and 4, were prevalent in the aggregate exteriors as opposed to their interiors. Th e exterior vs. interior diff erences were statistically signifi cant at BN of 2 and 3 for LTER-NS, at BN of 3 and 4 in LTER-CT, at BN of 3 in CERN-BS, and at BN of 3 and 4 for CERN-NS (Fig. 7) .
Th e gradient in intra-aggregate distribution of large pores was much stronger in native succession treatments. It was statistically signifi cant in BN from 5 to 8 in LTER-NS and in BN 6 and 7 in CERN-NS. Proportion of BN 8 pores in LTER-NS interiors was almost 10 times higher than that in the exteriors (Fig. 7a) , while proportion of BN 7 pores in CERN-NS interiors was almost twice that of the exteriors (Fig. 7b) .
A strong trend for larger pores present in aggregate interiors in LTER-NS was also refl ected in the highest burn numbers observed in the interior, followed by the transitional and then by the exterior layer (Table 2b) . Th is result provides further quantitative support to the observations of large pores being oft en present in the central parts of the LTER-NS aggregates (Fig. 6) , refl ecting the most complete absence of soil disturbance and high biological activity for the longest period of time in this treatment.
In contrast, in LTER-CT the diff erence between interior and exterior was only statistically signifi cant for BN 8 pores (Fig. 7a) , while in CERN-BS it was only signifi cant in BN 6 pores (Fig. 7b) . In both cases numerical diff erences between the interiors and exteriors were relatively minor.
CONCLUSIONS
Analysis of the intra-aggregate soil processes by means of μCT images depends on correctly identifi ed aggregate surface boundaries. Plots of the total aggregate volume and of the fractal dimension of the aggregate's surface boundary are shown to be useful tools for determining an optimal value of the neighborhood size parameter, r, that is, the key parameter of the image closing technique that allows correct identifi cation of the intra-aggregate surface-connected pores. In this study the r values in 11 to 14 voxel range appeared to be adequate for boundary delineation. However, close attention should be paid to the artifi cial layers of pores that still might be added to aggregates' surfaces even when overall acceptable r value is used. Th e optimal r value might depend on a number of factors including the size of the studied aggregates, the scanned resolution and the average sizes of pores connected to aggregate surfaces. -porosity (pores >14.6 μm) values and (b) mean  burn numbers within exterior, transitional, and interior layer of Almost 20 yr of contrasting management in the LTER experiment led to pronounced diff erences in the intra-aggregate pore size distributions. Soil under corn-soybean-wheat rotation with conventional tillage had aggregates with greater percent of pores >15 μm than the aggregates from long-term native succession vegetation. Crack-like pores of nonbiological origin ~37.5 to 97.5 μm in size prevailed in such aggregates and were found to be relatively evenly distributed through entire aggregates. Aggregates from soil under native vegetation had more large pores (>97.5 μm) of biological origin and fewer crack-like medium sized pores with large pores prevailing in the aggregates' centers. For aggregates from both loess and glacial outwash parent material based soils of this study we observed a tendency for percent of pores >15 μm to increase from aggregate exteriors to their interiors and for large pores (>97.5 μm) to be more common in the aggregate interiors.
Th e study's results indicate that long-term diff erences in land use and management that are known to aff ect soil properties on a soil core scale also aff ect soil pore distributions on an aggregate scale. Th e land use induced diff erences are likely to overlap and interact with the general aggregate formation processes common to soils of diff erent origins. Further research is needed to analyze spatial patterns in pore size distributions within soil aggregates of diff erent sizes as well as to investigate the eff ects of the diff erences in intra-aggregate pore structures on a number of soil processes, including, but not limited to C sequestration and microbial transport.
